This study aimed to investigate the use of red mud (RM)a byproduct of aluminum production, as a photocatalyst, which was characterized physical-chemically and used in the photodegradation of the target compound bisphenol A (BPA). Chemical processing was performed in the RM (acid treatment, chemical reduction and calcination) to verify the most active catalyst. From the results obtained, a complete degradation kinetics of BPA was carried out using a synthetic matrix (BPA in deionized water) and a real matrix (BPA in wastewater) using natural RM/calcined and TiO 2 for comparison. The results indicated the potential use of the RM/calcined, which was able to degrade between 88 and 100% of the pollutant in a synthetic sample. Tests on a real effluent sample resulted in degradation rates that ranged from 59 to 100% with chemical oxygen demand reductions of up to 23% using natural RM/calcined in comparison to TiO 2 . The blank system (irradiation of the solution without the use of a photocatalyst) and the natural RM/calcined one, resulted in reductions of the toxicity in the effluent sample (measured by EC 20 using the marine bacteria Vibrio fischeri) of about 12 times, whereas the same treatment using TiO 2 resulted in a toxicity reduction of only seven times. Within these results, the RM/calcined showed potential to be used in wastewater treatment in polishing processes.
INTRODUCTION
Recently, persistent and non-biodegradable compounds, socalled emerging contaminants, have been the target substances of many environmental and ecotoxicity studies in water monitoring, being detected in treated water, surface water and even in groundwater, which indicates the low efficiency in the removal of these compounds using conventional wastewater treatment (Colombo et al. ) . The increasing demand for water has prompted the development of new technologies which are more efficient in removing these compounds often responsible for a number of adverse effects on aquatic ecosystem dynamics and also to human health.
One of the alternatives for refractory pollutants treatment involves the so-called advanced oxidation processes (AOPs) in which hydroxyl radicals generated in situ are responsible for the almost complete mineralization of the contaminants to carbon dioxide and water due to their strong oxidative power (Colombo et al. ) . Usually, titanium dioxide (TiO 2 ) is used as catalyst in photodegradation processes once it is non-toxic, insoluble in water and chemically stable over a wide pH range. Other semiconductors such as CdS, ZnO, WO 3 , ZnS, BiO 3 and Fe 2 O 3 can also be used as photocatalysts. The general mechanism for heterogeneous photocatalysis is based on the irradiation of the photocatalyst, whose photon energy must be greater or equal to the energy of the 'band gap' of the semiconductor (the minimum amount of energy required to excite the electron) to cause the electronic transition. Thus, upon irradiation, an electron is promoted from the valence band to the conduction band forming oxidizing and reducing sites that catalyze chemical reactions by oxidizing organic compounds to CO 2 and H 2 O, and reducing dissolved metals or other chemical species (Dias et al. ) .
However, exploitation of more sustainable processes has led to the use of new materials that have suitable catalytic properties to the photodegradation process but are cheaper and easily accessible. In this context, red mud (RM), a byproduct generated during the treatment of ore bauxite by the Bayer process to produce alumina (Al 2 O 3 ), is an interesting alternative of catalyst. The main constituents of RM include Fe 2 O 3 , Al 2 O 3 , SiO 2 (almost 50% in weight) as well as TiO 2 , Na 2 O, CaO and MgO (Gräfe & Klauber ; Dias et al. ) . In addition RM is a cheaper material due to its widespread availability, so its reuse makes a greater contribution to reducing environmental impacts generated by the production of alumina due to its high alkaline nature (Power et al. ) .
In general, AOPs employ oxidants like ozone, peroxides, permanganate and persulfates that have high capacities of degradation of the organic compounds, usually present in wastewater. However, the combined use of chemical oxidants with photochemical excitation (by UV irradiation) leads to a significant increase in oxidation rates compared to the techniques used separately. In this case, refractory compounds to the ozonation process, such as polychlorinated biphenyls, are capable of being converted to carbon dioxide and water when exposed to the combined process (Rice & Browning ; Margot et al. ) . The photodegradation process can also be combined with the use of catalysts to increase the system performance (Jia et al. ) . Few studies have been reported on the application of RM as photocatalyst for AOPs. Dias Thus, the present study aimed at the use of RM as a catalyst for the photodegradation of the emerging contaminant bisphenol A (BPA) using AOPs. The target compound is a monomer used in the industrial production of epoxy resins and polycarbonates, and became a noticeable environmental and toxicological problem when it interfered in the endocrine system by mimicking natural hormones causing an adverse effect on the human body, occupying hormone receptors or interfering in the transport processes and metabolism of the natural hormones (Chang et al. ; Xu et al. ) . The BPA concentrations typically found in natural waters and wastewaters range from 1 μg L À1 to 10 mg L À1 (Yamamoto et al. ; Chang et al. ; Umar et al. ; Silva et al. ; Rocha et al. ) . The BPA removal in residual water is not only essential because of its huge toxicity, but also by the fact that during the chlorination in disinfection process, there may be the formation of by-products like chlorophenols and polychlorophenols, which present carcinogenic potential (Gennaro et al. ; Colarieti et al. ; El Najjar et al. ) .
EXPERIMENTAL

Catalyst preparation
The material named 'red mud' (RM) was obtained from Votorantim Metais CBA (São Paulo, Brazil). The RM was collected on a Krauss Maffei filter, washed with water and dried at 110 W C in an oven. The dried material was macerated and sieved using a 0.18 mm sieve (80 mesh) for standardization of the grain size (named natural RM, RM n ). An acid treatment was performed in order to verify changes in the catalytic activity of the RM n . For each 30 g of macerated and sieved RM n , 900 mL of HNO 3 0.1 mol L À1 was added. The mixture was stirred for 1 h and vacuum filtered. The obtained solid was dried at 100 W C in an oven for 1 h (Sushi & Batra ; Rai et al. ) . Finally, the dried solid was macerated and calcined in a muffle at 150 W C for 1 h to remove any acid residue. This material was named treated RM (RM t ). Both materials (RM n and RM t ) were also exposed to two distinct processes: reduction and calcination, resulting in six different materials (RM n , RM n /calcined, RM n /reduced, RM t , RM t /calcined and RM t /reduced). The reduction was performed in a horizontal furnace under a flow rate of 70 cm 3 min À1 (mixture of 5% H 2 /N 2 ) at 350 W C for 30 min (Gonçalves ; Costa et al. ) . The calcination was performed in a synthetic air atmosphere in the same conditions as the reduction treatment. The temperature was chosen based on the results of previous studies in which the temperature programmed reduction (TPR) analysis showed a peak maximum of magnetite of about 400 W C at a rate of 
Catalyst characterization
The RM n and RM t were characterized by X-ray diffraction (XRD), TPR analysis, thermogravimetric analysis (TGA) and flame atomic absorption spectrometry (FAAS) analysis.
XRD analysis of the RM n and RM t was performed in a diffractometer with CuK radiation at 40 kV and 40 mA, scanning speed of 2 W min À1 and scan range (2θ) between 10 and 80 W (Model D8 Focus, Bruker).
The textural properties of the RM n and RM t were determined by nitrogen adsorption measurements at À196 W C (Model Autosorb-1MP, Quantachrome Instruments). The samples were pretreated at 150 W C for 4 h.
The acidity of the RM n and RM t materials was determined using a TPR/TPD chemisorption analyzer (Model ChemBet, Quantachrome Instruments). The RM n and RM t samples were previously treated at 120 W C for 1 h under helium flow (70 mL min À1 ) to remove adsorbed water and carbon dioxide. The temperature was reduced to 100 W C, when starting the saturation with NH 3 (70 mL min À1 ) for 30 min. After this period, a helium flow was used for removal of the excess NH 3 physisorbed. Then, the analysis of ammonia desorption was started by heating the sample to 800 W C using a thermal conductivity detector (Valdés et al. ; Kreissel et al. ) . TGA analysis was performed on a TGA instrument (Model Q500, TA Instruments), wherein RM n and RM t were subjected to heating up to 675 W C under an inert N 2 atmosphere at a heating rate of 10 W C min À1 .
FAAS analysis was made in order to determine iron content in RM n and RM t . The FAAS analysis was performed using an acetylene-air mixture (60 L h À1 ) with fuel:oxidizing ratio of 1:10 (Model 300 ContrAA, Analytik Jena AG). For sample digestion, a nitro-perchloric digestion (1:1) was performed from 0.20 g of each material.
Adsorption equilibrium experiments
The adsorption equilibrium experiments were carried out to verify the contribution of the adsorption of BPA into the TiO 2 and RM n porous structure. The RM n was chosen for the adsorption experiments to determine whether the substrate in nature and without any processing would have any advantage over the widely used photocatalyst TiO 2 .
Thus, batch experiments were carried out by contacting a given amount of TiO 2 and RM n (concentration of 0.2 g L À1 , which represented better results in the degradation studies as will be described below) with 1-100 mg L À1 BPA solution, in an orbital stirring shaker at 100 RPM (Model SL-18OIDT, Solab) at a temperature of 25 ± 1 W C (Lee et al. ). The solutions were thoroughly mixed for 24 h in order to achieve the equilibrium. Then the mixtures were filtered using a Millipore filter (0.45 μm) to remove any suspended solid and were frozen stored until high-performance liquid chromatography (HPLC) analysis.
The adsorption capacities (Q) of TiO 2 and RM n to BPA were determined from the mass balance of the system using Equation (1):
where, C 0 and C the initial and the equilibrium (residual) BPA concentrations (in mg L À1 ), respectively; V is the volume of the solution (L) and m is the mass of dry TiO 2 or RM n (mg). Isotherm modelling according to Langmuir and Freundlich were also adjusted (Equations (2) and (3), respectively).
where Q m is the adsorption energy constant (L mg À1 ), K L is the Langmuir constant (L g À1 ), K F is the Freundlich constant (mg.g À1 ) and n is an empirical parameter.
Degradation batch tests
Degradation tests were performed on a jar-test system using 1.0 L glass beakers as reactors. The UV radiation was provided by a mercury vapor lamp of 16 W (germicidal lamp model TUV, Philips). This radiation source is characterized by emitting almost 100% of radiation at 254 nm (UV-C 4 W).
In order to compare degradation rates, a germicidal lamp of 14 W (Model 287 GPH T5, Philips) having a peak radiation emission at 185 nm (UV-C 4 W) was also used. A control reactor ('blank'), protected from the surrounding light was also analyzed for each new reaction condition, in which the samples were only irradiated and no catalyst was added. Tests were performed at room temperature and monitored with a thermocouple sensor under constant mechanical stirring (150 G s À1 ). Samples were kept in their original pH, except when the effect of pH on pollutant degradation was evaluated. In all cases, this parameter was measured before and after each test.
The standard condition adopted in tests was as follows: 1.0 mg L À1 of bisphenol A (Aldrich, 97%), 600 mL of deionized water (resistivity 18 MΩ.cm À1 ) and variation in the catalyst concentration at three levels: 0.1, 0.2 and 0.4 g L À1 .
The addition of BPA was made from a stock solution (10 g L À1 ) prepared in methanol (purity UV spectroscopy/ HPLC, CRQ). As cited before, BPA is usually present in lower concentrations in aquatic environments (few μg L À1 ), although it has been detected at concentrations as high as 10 mg L À1 in landfill leachate (Yamamoto et al. ; Umar et al. ) . In order to obtain an intense signal from the HPLC determination without performing prior extraction and preconcentration processes, the BPA concentration chosen for the batch tests was the intermediary value of 1.0 mg L À1 . This concentration ensures a compromise between real values already found in wastewater samples and the detectability necessary for the direct determination by HPLC if 99% of the BPA is degraded (experimental detection limit of 10 μg L À1 ).
Lamps were turned on 30 min prior to starting each reaction in order to achieve thermal and irradiation equilibrium. After the essays, all samples were filtered using a Millipore filter (0.45 μm) to remove any suspended solid and then were frozen stored until HPLC analysis.
In order to verify the heterogeneity of the system, a leaching test was performed. Therefore, a mixture of 0.2 g L À1 of RM n or RM t in deionized water was prepared, which was left under mechanical stirring for 2 h. At the end of the period, the mixture was filtered and used in the BPA degradation test.
In addition, degradation tests were conducted to determine the effect of calcination and reduction in RM n and RM t . The same tests were carried out in the presence of a second oxidizing agent, hydrogen peroxide 30% (v/v) (Isofar); the final concentration of oxidant used was 6.6 × 10 À5 mol L À1 .
For comparison of the BPA degradation efficiency, the widely studied TiO 2 photocatalyst (275 m 2 g À1 , anatase, Sigma-Aldrich) was chosen in the same experimental condition obtained for RM n /calcined (which presented better BPA degradation efficiency, as will be discussed below).
HPLC analysis
The BPA removal efficiency was determined using HPLC (Model 1220 LC Infinity, Agilent). The mobile phase used was a mixture of 40% (v/v) acetonitrile (HPLC grade) in deionized water (flow rate of 1.0 mL min À1 ) and the stationary phase a C18 column (Model Zorbax SB-C18, Agilent) maintained at 40 W C for the analyses. The BPA degradation kinetics was followed using a diode array detector (DAD) in λ ¼ 276 nm.
Collection and characterization of a real effluent sample
Wastewater samples were collected from a tributary to the river Tamanduateí in Santo André-SP, Brazil, and characterized for pH, conductivity, turbidity, color and total dissolved solids using a multiparameter probe (Model HI 9829, Hanna Instruments). Collected samples were preserved in the freezer until the day before the tests. For degradation batch tests, a known concentration of BPA (1.0 mg L À1 ) was added in that collected water and the resulting sample was treated in the photoreactor under the conditions of catalyst processing, catalyst mass and exposure time outlined by the studies with the synthetic sample.
Chemical oxygen demand analysis
Chemical oxygen demand (COD) analyses were undertaken using a reactor (DRB200, Hach) and a spectrophotometer (DR3900, Hach). The analysis was based on the principle of the closed reflux method followed by colorimetric analysis as proposed in Standard Methods for the Examination of Water and Wastewater (5220D) (Johnson et al. ) . Spectrophotometric readings were made at λ ¼ 440 nm.
Toxicity tests
The toxicity level of the samples was measured by acute toxicity assay with a Vibrio fischeri system (Microtox ® ) in specific conditions of pH (7.5 to 8.5) and salinity (20 to 50 mg L À1 of NaCl) and evaluated through the effective concentration (EC 20 ) parameter in which a 20% reduction in the luminescence of the system occurs.
RESULTS AND DISCUSSION
Catalyst characterization
In the XRD analysis (Figure 1 ), both RM n and RM t were analyzed and signals related to quartz (SiO 2 ), gibbsite (γAl(OH) 3 ), goethite (α-FeOOH), hematite (Fe 2 O 3 ) and sodalite (Na 4 Al 3 (SiO 4 ) 3 Cl) were obtained, all phases consistent with the chemical composition expected for the RM (Antunes et al. ). These results indicate that treatment did not modify drastically the material. According to Antunes et al. () , the calcination process of the RM n causes a decomposition of the material and the signals related to gibbsite and goethite disappear, indicating that the burning temperature causes decomposition of the crystals. These results from Antunes et al. () are in agreement with what is observed in the present study for the TGA analysis (Figure 2 ), in which a weight loss is noticeable above 300 W C since hydroxyl groups are eliminated in the formation of oxides. Mineralogical characterization by XRD showed the presence of the same crystalline phases before and after the H 2 reduction process (Oliveira et al. ; Costa et al. ) .
In the TGA analysis ( Figure 2) only two weight loss regions in RM n and RM t were observed. In the first region, between 25 and 200 W C, there was a loss of about 3.5% and 4.5% by mass for RM n and RM t samples, respectively, corresponding to physical desorption of water. The second region, which corresponds to temperatures above 200 W C, had losses of 10.5% and 12.0% by mass for RM n and RM t , respectively, corresponding to the loss of structural hydroxyls of iron oxides (Cornell & Schwertmann ) . Similar results for weight loss regions were observed by Costa and co-workers for the reduction process ( Figure 3 illustrates the adsorption-desorption isotherm (Figure 3(a) ) and pore diameter distribution (Figure 3(b) ) for RM n and RM t . In both cases type II isotherms were observed, typical of non-porous materials with small contribution of type IV isotherms, characteristic of mesoporous materials like iron oxides (Cornell & Schwertmann ; Leofantia et al. ) . The presence of mesopores was confirmed by porous distribution, shown in Figure 3(b) .
The Brunauer-Emmett-Teller (BET) surface area was 21 m 2 g À1 for RM n and 46 m 2 g À1 for RM t . The high increase (220%) in surface area observed for RM t suggests changes in the material structure provided by the acid processing, which can be attributed to the removal of some () observed a BET surface area of 22 m 2 g À1 for the RM n and a slight reduction to 16 m 2 g À1 for the H 2 reduced material. This decrease is likely related to different causes, e.g. breakdown of Al-hydroxides and sodalite-type minerals, reduction of iron oxides and sintering of particles. All these processes are more pronounced at temperatures higher than 400 W C.
According to Antunes et al. () , the thermal treatment of the samples at 300 W C or 400 W C contributes to an increase of 125% in the surface area, but above this temperature there is a reduction of the specific area. The pore diameter observed for the RM n and the calcined material from 600 W C corresponds to mesopores (3 nm to 4 nm). For the samples treated at 300 W C and 400 W C, the average pore diameter is between 1 nm to 4 nm, characterized as being micropores and mesopores. The TPD-NH 3 analysis is used as a rough measure to the acid strength of the sorption sites, once interactions of oxide surfaces with gases or liquids can be governed by acid-base interactions. The acid density determined for RM n and RM t was 2.2 mmol NH 3 g À1 . A change in acidity of the RM n after the acid treatment was not observed, which indicates that the acid strength of the sorption sites remains equivalent and the acid-base interaction of the material with the solution does not change despite the processing of the RM n .
Through the quantification of iron by FAAS, the metal content in the RM n and RM t sample was 14.3% and 15.1% (by mass), respectively with an increase of less than 1% among materials. Variations lower than 2% were also observed by Costa et al. () and Antunes et al. () for the iron content in the material after reduction and calcination processes, respectively. Figure 4 shows the adsorption isotherms of BPA on TiO 2 (black line) and on RM n (gray line) at 25 ± 1 W C in the absence of UV light. The experimental adsorption capacity of 100 mg L À1 of BPA was approximately 80 mg g À1 for TiO 2 and 55 mg g À1 for RM n . Among the isotherms, the Langmuir model satisfactorily described the BPA adsorption in TiO 2 and RM n . The adsorption parameters are listed in Table 1 . The Q value for the Langmuir isotherm was 96 mg g À1 . According to Watanabe et al. () , the adsorption of TiO 2 prior to photoirradiation over a BPA solution (approximately 20 mg L À1 ) does not show significant difference in degradation efficiency in relation to a TiO 2 -free starting solution, once the amount adsorbed to the TiO 2 surface was relatively low. The same assumption can be extended to RM n , once the adsorption capacity Q is in the same order of magnitude as TiO 2 . Table 2 shows the results obtained for degradation batch tests (2 h of reaction) using RM n and RM t and its modifications by reduction and calcination. In all cases the mercury vapor lamp was used (emission peak in 254 nm). The results are expressed in percentages of degradation taking as 100% the signal related to 1.0 mg L À1 of BPA in the HPLC analysis. The average standard deviation was estimated from analysis in triplicate (n ¼ 3) to assure the analytical reliability of the results.
Adsorption isotherms
Degradation batch tests on synthetic water matrix
The experiment using only the UV irradiation of the solution (entry 1) allowed the degradation of about 34.0% of Freundlich K F 4.5 mg g À1 17.5 mg g À1 n 1.2 3.7 the BPA. The addition of 0.1 g L À1 of the photocatalyst RM n increased the degradation rates to 45.3% (entry 3). However, the addition of 0.1 g L À1 of RM t (entry 11) does not make any significant difference in the degradation efficiency compared to the use of only UV irradiation (entry 1), considering the average standard deviation. Thus, despite the large increase observed in the surface area for the RM t in relation to RM n , there was no increase in the degradation efficiency, which indicates that the adsorption does not play an important role in the BPA photocatalysis by RM. A sequence of experiments were performed increasing the catalyst concentration between 0.1 and 0.4 g L À1 for RM n and RM t (entries 3-5 and 11-13, respectively). For both systems, the removal efficiency increased from the concentration of 0.1 to 0.2 g L À1 , but no significant improvement in the BPA degradation efficiency was observed at the highest concentration of 0.4 g L À1 , considering the average standard deviation.
Therefore, the concentration of 0.2 g L À1 was chosen for the further tests to evaluate the influence of the calcination and the reduction processes of RM n and RM t on the BPA degradation efficiency. Among the results obtained in entries 7 and 15, reduction of RM n or RM t did not show improvement in the removal efficiency of BPA. However, for the calcination process of RM n , a huge increase was observed achieving 64.8% of removal (entry 9). The calcination for the RM t does not show any significant change in the efficiency of BPA degradation (entry 17) in relation to RM t without calcination (entry 12).
Experiments using H 2 O 2 improved the degradation efficiency in all the systems (entries 6, 10, 14, 18) reaching at least 60% of BPA degradation. Owing to the fact that H 2 O 2 acts as an electron and hydroxyl radicals ( • OH) scavenger, the addition of H 2 O 2 should, in a proper dosage, enhance the degradation and mineralization of BPA. However, many adverse effects are observed if a huge amount of H 2 O 2 is used, including the capture of • OH and competitiveness in adsorption (Tseng et al. ) .
This mechanism can become more complex when dealing with real samples of effluents, once several side reactions, artifacts formation and competition of • OH with the sample matrix for the active sites of the catalyst can occur simultaneously. Additionally, the use of a chemical reagent in AOPs increases the cost of the treatment process, especially when RM (an environmental liability without any cost of acquisition) is chosen as photocatalyst. This approach will be discussed thoroughly below. Thus, RM n / calcined was chosen as photocatalyst once it provides above 60% in BPA degradation, without the possible drawbacks arising from the use of H 2 O 2 .
The effect of the pH using RM n /calcined system was evaluated in the range of 5-11 and is presented in Figure 5 .
Note that there is a continuous increase in the BPA degradation rate as the pH increases, being more significant at higher pH values (greater than 9). It was found, however, that despite achieving complete degradation of BPA in 2 h when working at pH 10.8, many by-products are formed, as evidenced in the analysis by HPLC (Figure 6 ). At the system start (t ¼ 0), in the chromatogram, only the signal corresponding to BPA in 6.3 min was observed. After 30 min of reaction, the BPA signal is reduced by about 80% in area, though it turns into a wide variety of peaks eluted between 1 and 3 min of run. Within 60 min of reaction, that condition becomes more pronounced, and at 120 min of reaction, the peak corresponding to BPA cannot be detected and the higher intensity signal appears in the chromatogram corresponding to an analyte with elution time of about 1 min, with other minority species until 3 min of analysis. Phenolic compounds, such as BPA, are rapidly oxidized by hydroxyl radicals by the addition of • OH to the electron-rich ring (Peller & Kamat ; Xu & Wang ) . Frequently, the hydroxyl intermediates react quickly in subsequent reactions with the same radical; however, they may also be more resistant to oxidation than BPA itself. Thus, the decrease of the BPA peak did not necessarily mean the reduction of the organic carbon content in the medium. In fact, Chiang et al. () found out that the pH plays an important role in BPA mineralization by TiO 2 photocatalysis. While at pH 3 BPA was completely converted to CO 2 , at pH 10 the rate of mineralization reached only 20 to 30%. These results were related to the formation of more polar sub-products (e.g. carboxylic acids) by oxidation with the diffused hydroxyl radicals, which usually deprotonate at high pH values, rendering them a negative charge that might reduce the adsorption.
Subsequent studies used the natural pH of the sample (pH ¼ 9.4 in deionized water þ1.0 mg L À1 BPA þ 0.2 g L À1 RM n /calcined). In the BPA degradation kinetics using a 254 nm lamp (Figure 7(a) ), it was observed that despite the initial degradation rate being higher for the proposed system as for the TiO 2 system, there is an increase in the degradation rate of BPA when using TiO 2 after 200 min, with complete degradation after 6 h. In both cases, the BPA degradation is higher than in the blank system (UV irradiation), which can be attributed to the oxidation process on the surface of the catalysts.
On the other hand, in the system irradiated with the 185 nm lamp, more than 99% of the BPA is degraded in 2 h (Figure 7(b) ). In this case, the degradation of the pollutant also occurs through oxidation by O 3 , which can undergo photodecomposition and generate the highly oxidizing species • OH. Kondrakov et al. () studied the degradation mechanism of BPA using TiO 2 photocatalysis and UV photolysis at 254 nm. Only two products during the photolysis: BPA catechol and 4-(2-hydroxypropan-2-yl)-catechol, were found which present lower estrogenic activity than BPA. For TiO 2 photocatalysis, the same products were formed, besides BPA dicatechol, 4,4 0 -(1-hydroxyethane-1,1-diyl)-dicatechol, 4,4'-ethane-1,1-diyl-dicatechol and two quinone derivatives of BPA (BPA 3, 4dihydroxyphenyl) propan-2-yl]-quinone) which are potentially mutagenic.
BPA degradation kinetics on a natural water matrix
The degradation kinetics of the natural water sample spiked with BPA ( Figure 8) showed a profile quite different from the synthetic sample (Figure 7) . In a qualitative evaluation, a decrease in the initial reaction rate was found in both systems. This reduction may be due to: competition between various organic compounds dissolved in the sample for the active sites of the photocatalysts; increase in the turbidity of the system thus reducing the penetration of light in the medium; and presence of scavenger chemical species such as carbonates and bicarbonates naturally present in wastewater samples (Nakada et al. ) . Furthermore, the major contaminant removal with the 254 nm lamp (Figure 8(a) ) was achieved with the systems with TiO 2 Figure 7 | BPA degradation kinetics of a synthetic sample of BPA using 254 nm lamp (a) and 185 nm lamp (b) with 0.2 g L À1 of the catalyst (RM n/ calcined or TiO 2 ). C 0 is the initial concentration of BPA (1.0 mg L À1 ) and C is the concentration through time.
(70%) and for the blank (68%), while the use of the photocatalyst RM n /calcined led to a removal of only 60% of BPA. The deeper reduction in the kinetics of the system using a 185 nm lamp (Figure 8(b) ) compared to the synthetic sample ( Figure 6(b) ) may also be related to the presence of suspended solids that can adsorb oxidizable materials and render them more difficult to be oxidized by O 3 than in clean solutions (Rice & Browning ) .
Based on the mechanistic studies of BPA degradation, quality parameters before and after AOPs treatment were monitored, as well as toxicological effects. Table 3 shows the water quality parameters measured for the natural water sample before and after the proposed treatment. Unlike the pH, conductivity and total dissolved solids, the parameters color and COD helped in defining the most efficient conditions for the effluent treatment. While color removal reached between 13 and 24% in the RM n /calcined system and between 45 and 89% in the TiO 2 system, COD removal reached 12-23% for RM n /calcined and only 4-9% for TiO 2 , respectively.
Toxicity tests
Toxicity tests in studies of contaminant degradation have great relevance since in many cases byproducts obtained from the treatment are equal to or more toxic than the original contaminant. In this work, acute toxicity tests were conducted using the luminescent bacteria Vibrio fischeri. The analysis results, presented in Figure 9 , were expressed as EC 20 , which is the sample concentration that causes 20% of the toxic effect (inhibition of light emission from the bacteria). It is important that the pH of all samples tested remained in the range of 8.0 ± 0.5.
According to the classification of Coleman & Qureshi (), both untreated effluent and the effluent treated using TiO 2 were classified as samples 'very toxic' (EC 20 25%). However, the samples from the treatments of blank and RM n /calcined systems can be classified as 'toxic' (25% < EC 20 50%). For both systems, the toxicity was reduced by approximately 12 times compared to the untreated effluent while using the traditional TiO 2 photocatalyst this reduction was of only seven times. The COD analyses support the results of toxicity. Although COD does not directly measure the concentration of organic carbon, it provides an indirect measure of system mineralization. From Table 3 it can be seen that the largest reduction rates for COD occurred in the RM n /calcined system, whereas the smaller reduction rates were observed for the TiO 2 system. These results suggest that although TiO 2 was more efficient in the removal of BPA, it was unable to degrade efficiently oxidation byproducts as occurs in the photolysis and the RM n /calcined systems. Silva et al. () achieved conversion of BPA after 2 h using TiO 2 as photocatalyst, but the major mineralization rate was only 28%. The studies carried out by Kondrakov et al. () with TiO 2 showed complete degradation of BPA in 45 min and complete mineralization only after 240 min, indicating that this process was only possible due to the generation of sufficient photogenerated holes and • OH radicals. The results obtained in this work suggest that the toxicity of the treated effluent containing BPA is related to different routes of degradation which are a function of the catalytic system used.
Treatment costs
Considering the costs of RM of 5 USD/t presented by Zhang et al. () and taking into account that the power of the furnace used for calcination is 4,000 W, and that the oven has the capacity to calcine 100 g of material (during 30 min), the costs with energy (in São Paulo, Brazil), would be in the order of 1140 USD/t, totaling 1,145 USD/t. This cost could be reduced using a more efficient heating system.
On the other hand, costs with TiO 2 (Titanium(IV) oxide, anatase, powder, À325 mesh, !99% trace metals basis, Aldrich) reach the order of 52800 USD/t, which proves the cost advantages in substituting a traditional (but expansive) photocatalyst by RM n /calcined. There are also advantages in using RM n calcined instead of using RM n / reduced or H 2 O 2 : (i) reduction needs the use of hydrogen gas, which would increase the costs with photocatalyst preparation; (ii) the use of H 2 O 2 has several disadvantages, including the formation of a number of undesirable byproducts, additional costs in the treatment and the own manufacturing process of H 2 O 2 that consumes energy and chemical resources. The use of H 2 O 2 would increase the costs by approximately 3250 USD/t.
CONCLUSIONS
The RMwhich can be considered a long-term environmental liability for the alumina industry due to the ways in which it is disposed of in the environmentshowed potential to be used as a photocatalyst in AOPs. Among the chemical treatments employed to enhance the catalytic activity of the material, calcination of the natural RM led to the best results, as well as the use of catalyst at a concentration of 0.2 g L À1 .
The studies conducted in the present work have also verified that the system is strongly influenced by the pH and the presence of radical scavenger ions normally present in wastewater samples. Despite not having obtained removals of bisphenol A higher than in the system using TiO 2 , the system employing RM n /calcined, a widely available material and cheaper than the traditional photocatalyst TiO 2 , was able to reduce the color of the effluent, as well as its COD. Toxicity tests indicated that the material was able to reduce the EC 20 to levels similar to the treatment by photolysis, but at higher levels than in the system using TiO 2 , indicating its potential use as photocatalyst in AOPs for refractory pollutant treatment, producing a treated effluent with lower toxicity. 
